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Abstract 

In this study, the spin coating of template-assisted method is used to synthesize poly[2,7-(9,9-dioctylfluorene)-alt-4,7-bis 
(thiophen-2-yl)benzo-2,1,3-thiadiazole] (PFO-DBT) nanorod bundles. The morphological, structural, and optical properties 
of PFO-DBT nanorod bundles are enhanced by varying the spin coating rate (100, 500, and 1,000 rpm) of the common 
spin coater. The denser morphological distributions of PFO-DBT nanorod bundles are favorably yielded at the low spin 
coating rate of 100 rpm, while at high spin coating rate, it is shown otherwise. The auspicious morphologies of highly 
dense PFO-DBT nanorod bundles are supported by the augmented absorption and photoluminescence. 
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Background 

In recent years, poly[2,7-(9,9-dioctylfluorene)-alt-4,7-bis 
(thiophen-2-yl)benzo-2,l,3-thiadiazole] (PFO-DBT) has 
attracted numerous attention due to its exceptional 
optical properties. Applications in electronic devices 
such as solar cells and light- emitting diodes have 
elevated PFO-DBT thin films to be one of the most 
promising materials [1-6] in accordance with its capability 
in absorbing and emitting light effectively. In solar cell 
application, the harvested light at longer wavelength of 
PFO-DBT thin film matches with solar radiation [3,4]. 
Although, PFO-DBT films and nanostructures have the 
same properties in absorption, PFO-DBT nanostructures 
can exhibit more surface area which can enhance light 
absorption. Nanostructured materials have been proven to 
extremely exhibit large surface area and substantial light 
absorption intensity [7-9]. Considerations on nanostruc- 
tured formation have been prioritized due to the superior 
morphological and optical properties [8,10-13]. Introdu- 
cing nanostructure would enhance the light absorption in- 
tensity, and the low absorption issue of PFO-DBT thin film 
can be overcome. Therefore, the fabrication of PFO-DBT 
nanostructures such as nanotubes, nanorods, and other 
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novel nanostructures formation is rather essential and 
pragmatic. 

One of the mutual approaches in fabricating the nano- 
structures is template-assisted method. Template-assisted 
method has been generally used to produce the unique 
nanostructured materials [8,10,14-16]. By using the tem- 
plate, various shapes and properties of nanostructures can 
be formed. The dimension of nanostructures can be con- 
trolled by varying either the thickness or the diameter of 
porous template. However, the formation in zero-, one-, 
two-or three-dimensional nanostructures can be controlled 
by applying various infiltration techniques during the de- 
position of polymer solution into porous alumina template 
[10,12-16]. Among the infiltration techniques are wetting-, 
vacuum-, and spin-based techniques. A spin-based tech- 
nique of spin coater is potentially used as a lucrative and 
superficial fabrication tool. 

Spin coating of solution into the porous template can 
possibly enhance the infiltration. On the planar substrate, 
the thickness of macroporous polymers can be easily 
tuned by varying the spin coating rate [13], in which the 
different behaviors of materials during spin coating have 
to be the main influence. Commonsensically, the behavior 
of a polymer solution would probably be affected by the 
spin coating rate during the deposition onto the porous 
substrate of alumina template due to the changes of sur- 
face energy [16]. Modification on the morphological, 
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structural, and optical properties of PFO-DBT nanostruc- 
tures that were synthesized by varying the spin coating rate 
has not been widely studied. Therefore, it is noteworthy to 
study the effect of the spin coating rate on the morpho- 
logical, structural, and optical properties of PFO-DBT 
nanostructures. This work is crucial since it provides an al- 
ternative method to utilize the facile fabrication technique. 

Methods 

The commercially existing copolymer of PFO-DBT from 
Lum-Tec (Mentor, OH, USA) was utilized without further 
purification. A 5-mg/ml solution concentration of PFO- 
DBT was dissolved in chloroform. Commercially available 
porous alumina template from Whatman Anodisc Inorganic 
Membrane (Sigma- Aldrich, St. Louis, MO, USA) with nom- 
inal pore diameter of 20 nm and a thickness of 60 |im was 



cleaned by sonicating it in water and acetone for 10 min 
prior to the deposition of PFO-DBT solution. The PFO- 
DBT solution was dropped onto the porous alumina tem- 
plate prior to the spin coating process. The spin coating rate 
was varied to 100, 500, and 1000 rpm at a constant spin 
time of 30 s, by using a standard spin coater model 
WS-650MZ-23NPP (Laurell Technologies Corp., North 
Wales, PA, USA). In order to dissolve the template, 
3 M of sodium hydroxide (NaOH) was used, leaving the 
PFO-DBT nanorods. The PFO-DBT nanorods were 
purified in deionized water prior to its characterization. 
The characterizations of PFO-DBT nanorods were 
performed using a field emission scanning electron 
microscope (FESEM) (Quanta FEG 450, Beijing, China), 
transmission electron microscope (TEM) (Tecnai G2 FEI, 
Tokyo, Japan), X-ray diffraction spectroscope (Siemens, 




Figure 1 FESEM images of PFO-DBT nanorod bundles with different spin coating rates. FESEM images of PFO-DBT nanorod bundles with 
different spin coating rates of (a) 100 rpm at lower magnification, (b) 100 rpm at higher magnification, (c) 500 rpm at lower magnification, 
(d) 500 rpm at higher magnification, (e) 1,000 rpm at lower magnification, and (f) 1,000 rpm at higher magnification. The insets show enlarged 
images (scale bar, 1 urn). 
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Selangor, Malaysia), UV-vis spectroscope (Jasco V-750, 
Tokyo, Japan), and photoluminescence spectroscope 
(Renishaw). 

Results and discussion 

Morphological properties 

A common practice in producing nanostructured mate- 
rials via template-assisted method is by drop casting the 
solution on the template. However, the drop casting alone 
without the assistance of a spin coating technique would 
not efficiently allow the solution to infiltrate into the tem- 
plate. Infiltration of PFO-DBT solution into the cavity of 
an alumina template can be done by varying the spin coat- 
ing rate. The FESEM images of the PFO-DBT nanorod 
bundles are shown in Figure la,b,c,d,e,f. Distinct morpho- 
logical distribution of the PFO-DBT nanorod bundles are 
depicted by the different spin coating rates (100, 500, and 
1000 rpm). It is expected that by varying the spin coating 
rate from low (100 rpm), intermediate (500 rpm), and high 
(1000 rpm), dissimilar morphological distributions will re- 
sult. At all spin coating rates, the PFO-DBT nanorod bun- 
dles are seen to ensemble, however, with different 
densifications of morphological distribution. 

At the low spin coating rate of 100 rpm, the denser 
PFO-DBT nanorod bundles are synthesized. Looking at 
the top of the bundles, the tips of the nanorods are tend- 
ing to join with one another which could be due to the 
van der Waals force interaction. Apart of that, the high 



aspect ratio of the PFO-DBT nanorods obtained at low 
spin coating rate can be one of the contributions as well. 
However, the main contribution to the distinct morpho- 
logical distribution is merely the different behaviors exhib- 
ited by PFO-DBT during the spin coating. The smallest 
diameter recorded at 100, 500, and 1,000 rpm is 370, 200, 
and 100 nm, respectively. An analysis of nanorods' length 
is depicted in Figure 2 by bar graphs. For 100, 500, and 
1,000 rpm, the average length is 3 to 5 (im, 1 to 3 (am, and 
1.5 to 2.5 (im, respectively. Although the length is quite 
uniform, the nanorods' length is still affected by the spin 
coating rate. Figure 3a,b,c shows the proposed diagrams of 
the PFO-DBT nanorod bundles synthesized at different 
spin coating rates from the side view. As reported else- 
where, the resulting polymer films are highly dependent 
on the characteristics of spin coating [17]. Thus, it is sens- 
ible to predict that the structure formation of resulting 
films can be straightforwardly controlled by altering the 
spin coating rate. The mechanism of the controlled PFO- 
DBT nanorod bundles is affected by the phase transitions 
of the spin-coated polymer solution. Sensibly, the infiltra- 
tion properties between the static and vibrate polymer so- 
lution holds an enormous transformation. The most 
remarkable attribute of spin coating rate is the occurrence 
of enhanced infiltration. The PFO-DBT nanorods have 
undergone three phase transitions: from less infiltration 
(1,000 rpm) to high infiltration (100 rpm), in which 
medium infiltration can be achieved at 500 rpm. At low 
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Figure 2 Number of nanorods as a function of length in 15 urn x 15 urn area. Spin coating rate at (a) 100 rpm, (b) 500 rpm, and (c) 1000 rpm. 
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Figure 3 Schematic illustrations of the PFO-DBT nanorod bundles (side view). PFO-DBT nanorod bundles synthesized at different spin coating 
rates of (a) 100 rpm, (b) 500 rpm, and (c) 1000 rpm. 



spin rate, the low centrifugal force allows the polymer 
enough time from its starting position to infiltrate all of 
the surrounding porous gaps. 

Depending on the applications, the morphological distri- 
butions of the PFO-DBT nanorods can be simply tuned via 
the spin coating of template-assisted method. Further cor- 
roboration on the effect of spin coating rate can be 



confirmed by the ability of the PFO-DBT solution to 
occupy the cavity of the template. At the intermediate spin 
coating rate (500 rpm), the gaps between the nanorod bun- 
dles started to form. The formation of these gaps may be 
due to the infirmity of PFO-DBT solution to occupy the 
cavity. In other words, the gap corresponded to the unoccu- 
pied cavity that will be dissolved with NaOH. Auxiliary 
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Figure 4 Schematic illustrations of the PFO-DBT nanorod bundles (top view). 
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Figure 5 TEM images of the PFO-DBT nanorod bundles with 
different spin coating rates. TEM images of PFO-DBT nanorod bundles 
with different spin coating rates of (a) 100 rpm at lower magnification, 
(b) 100 rpm at higher magnification, (c) 500 rpm at lower magnification, 
(d) 500 rpm at higher magnification, (e) 1,000 rpm at lower magnification, 
and (f) 1000 rpm at higher magnification. 



increase of centrifugal force in spin coating rate will create 
an intense gap between the nanorod bundles which is iden- 
tical to the scattered islands. Rapid evaporation of the PFO- 
DBT solution at 1,000 rpm has caused the formation of 
scattered islands. The top view images of the PFO-DBT 
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Figure 6 X-ray diffraction (XRD) patterns of template and PFO- 
DBT nanorods. The nanorods were grown inside the template of 
different spin coating rates. 



nanorod bundles are illustrated in Figure 4. These diagrams 
corresponded to the FESEM images taken from the top 
view (see Figure 1). Highly dense PFO-DBT nanorods can 
be obtained from the low spin coating rate of 100 rpm. 

The morphologies of the PFO-DBT nanorod bundles are 
further supported by the TEM images (Figure 5a,b,c,d>e,f). 
As expected, distinct morphological distributions as an en- 
semble are recorded from the different spin coating rates. 
The highly dense PFO-DBT nanorod bundles are obtained 
at 100 rpm. At this spin coating rate, the greater numbers 
of nanorods are produced which could cause the bundles 
to agglomerate. Agglomeration of bundles in TEM images 
taken from the different spin coating rates agreed with the 
FESEM images; however, rigorous TEM preparation has 
initiated the broken and defected nanorods. An individual 
TEM image has confirmed that the nanorods are the sort 
of nanostructures obtained in this synthesis. It can be seen 
from the formation of solid structure without the compos- 
ition of tubes (wall thickness). 

Structural properties 

The structural properties of the PFO-DBT nanorods are 
investigated by XRD. Figure 6 shows the XRD patterns of 
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Figure 7 Optical spectra of the PFO-DBT nanorod bundles, (a) UV-vis absorption spectra, (b) Photoluminescence spectra. 
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template and PFO-DBT nanorods grown inside the tem- 
plate of different spin coating rates. Diffraction peaks of 
porous alumina template are exhibited at 13.3° and 16.8°. 
All the PFO-DBT nanorods that grown inside the tem- 
plate have an additional diffraction peak at 25.2°. The add- 
itional diffraction peak is nearly similar to that reported by 
Wang et al [1]. Sharper diffraction peaks are observed 
from the diffraction peaks of the PFO-DBT nanorods 
which indicate a semi-crystalline polymer. The PFO-DBT 
nanorod is confined inside the cavity of the template 
which then alters its molecular structure to a more aligned 
and elongated chain segment [11,12]. The crystallite size 
of the PFO-DBT nanorods can be verified using the 
Scherrer equation as shown in Equation 1: 



From this equation, L is the mean crystallite size, K is 
the Scherrer constant with value 0.94, A = 1.542 A is the 
X-ray source wavelength, and is the FWHM value. The 
PFO-DBT crystallite size is around 20 to 30 nm. The 
PFO-DBT nanorods that have been deposited inside the 
porous template exhibited a semi-crystalline polymer 
with enhanced polymer chain due to the restricted intru- 
sion into the cavities. 

Optical properties 

The absorption spectra of the PFO-DBT nanorod bundles 
with different spin coating rates are shown in Figure 7a. 
These spectra portray two absorption peaks mainly 
assigned to PFO segments (short wavelength) and DBT 
units (long wavelength). The absorption band of the PFO- 
DBT thin film has been reported to locate at 388 nm 
(short wavelength) and 555 nm (long wavelength) [2,4]. 
Enhancement on the PFO-DBT's optical properties can be 
realized with the low spin coating rate of 100 rpm. With 
the denser distribution of the PFO-DBT nanorod bundles, 
the absorption band at short wavelength and long wave- 
length is shifted to 408 and 577 nm, respectively. The 
absorption peak of the PFO-DBT nanorod bundles at 
short wavelength is redshifted at approximately 20 nm 
compared to that of the PFO-DBT thin film reported by 
Wang et al. [4]. The peak at short wavelength corresponds 
to the transition of tt- tt* at fluorene units [4], which indi- 
cates that the strong tt-tt* transition has occurred via the 
denser PFO-DBT nanorod bundles. At the long wave- 
length, the PFO-DBT nanorod bundles that were obtained 
at the low spin coating rate of 100 rpm were recorded to 
have an absorption band at 577 nm which was assigned 
for the DBT units [3]. The maximum peak of 577 nm 
yields the higher intensity which indicates that the absorp- 
tion of dioctylfluorene moieties is assisted by the thio- 
phene [18]. The redshift of the absorption peaks is 



correlated with the morphological distribution of PFO- 
DBT nanorod bundles. It can be postulated that the highly 
dense nanorod bundles with close pack arrangement 
would give a better conjugation length and chain segment. 
Such improvement in conjugation length can be utilized 
to enhance the photovoltaic properties of polymeric solar 
cell. The morphological distribution of the PFO-DBT 
nanorod bundles has a significant contribution to their 
optical properties. The optical properties of polymer can 
be easily tuned by varying the spin coating rate, which in- 
deed gives the different morphological distributions. This 
postulation can be further proven by the UV-vis spectra of 
the PFO-DBT nanorod bundles prepared at 500 and 
1,000 rpm. With the implementation of spin coating rates 
of 500 and 1000 rpm, the absorption band at long wave- 
length are blueshifted at about 12 and 32 nm, respectively. 

The photoluminescence (PL) spectra of the PFO-DBT 
nanorod bundles synthesized at different spin coating 
rates are shown in Figure 7b. The emission of the fluor- 
ene segment which normally lied between 400 and 
550 nm [2,5,6] is not recorded by all of the spectra. It in- 
dicates that the fluorene unit has been completely 
quenched, and an efficient energy transfer from the PFO 
segments to the DBT units has occurred. The redshift of 
PL emission of the DBT units (shown by arrow) that are 
presented by the denser PFO-DBT nanorod bundles well 
correlated with the redshift of its UV-vis absorption. 
PFO emission has completely quenched and being dom- 
inant by the DBT emission. This phenomenon could be 
due to the incorporation of the DBT units into the PFO 
segments which hence leads to the better conjugation 
length and chain alignment produced by the PFO-DBT 
nanorod bundles. 

Conclusions 

In the present study, the effect of different spin coating 
rates on the morphological, structural, and optical prop- 
erties of PFO-DBT nanorod bundles is reported. Poly- 
mer solution has been demonstrated to have different 
characteristics and abilities to infiltrate into the cavities 
at different spin coating rates. Highly dense PFO-DBT 
nanorod bundles are obtained at low spin coating rate 
with enhancement of structural and optical properties. 

Abbreviations 

FESEM: field emission scanning electron microscopy; FWHM: full-width half 
maximum; NaOH: sodium hydroxide; PFO-DBT: poly[2,7-(9,9-dioctylfluorene)- 
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diffraction. 

Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

MSF carried out the experiment, participated in the sequence alignment, 
and drafted the manuscript. AS participated in the design of the study, 



Fakir et a I. Nanoscale Research Letters 2014, 9:225 
http://www.nanoscalereslett.eom/content/9/1/225 



Page 7 of 7 



performed the analysis, and helped draft the manuscript. KS conceived of 
the study and helped draft the manuscript. All authors read and approved 
the final manuscript. 



Authors' information 

MSF is currently doing his Ph.D. at the University of Malaya. AS and KS are 
senior lecturers at the Department of Physics, University of Malaya. AS's and 
KS's research interests include the synthesis of nanostructured materials via 
template-assisted method and applications in organic electronic devices 
such as sensors and photovoltaic cells. 



Acknowledgements 

The authors would like to acknowledge the Ministry of Education Malaysia 
for the project funding under Fundamental Research Grant Scheme 
(FP002-2013A) and the University of Malaya High Impact Research Grant 
UM-MoE (UM.S/625/3/HIR/MoE/SC/26). 



16. Bu SD, Choi YC, Han JK, Yang SA, Kim J: Synthesis of metal-oxide nanotubes 
by using template-directed growth in conjunction with the sol-gel process 
and a spin-coating technique. J Korean Physical Soc 201 1, 59(3)2551-2555. 

1 7. Pichumani M, Bagheri P, Poduska KM, Gonzalez-Vinas W, Yethiraj A: Dynamics, 
crystallization and structures in colloid spin coating. Soft Matter 2013, 
9:3220-3229. 

18. Stevens MA, Silva C, Russell DM, Friend RH: Exciton dissociation 
mechanisms in the polymeric semiconductors poly(9,9-dioctylfluorene) 
and poly(9,9-dioctylfluorene-co-benzothiadiazole). Phys Rev B 2001, 
63(16):165213. 



doi:1 0.1 1 86/1 556-276X-9-225 

Cite this article as: Fakir et ah Templated growth of PFO-DBT nanorod 
bundles by spin coating: effect of spin coating rate on the 
morphological, structural, and optical properties. Nanoscale Research 
Letters 2014 9:225. 



Received: 17 February 2014 Accepted: 22 April 2014 
Published: 8 May 2014 



References 

1. Wang H, Xu Y, Tsuboi T, Xu H, Wu Y, Zhang Z, Miao Y, Hao Y, Liu X, Xu B, 
Huang W: Energy transfer in polyfluorene copolymer used for white-light 
organic light emitting device. Org Electron 2013, 14:827-838. 

2. Hou Q, Xu Y, Yang W, Yuan M, Peng J, Cao Y: Novel red-emitting fluorene- 
based copolymers. J Mater Chem 2002, 1 2:2887-2892. 

3. Zhou Q, Hou Q, Zheng L, Deng X, Yu G, Cao Y: Fluorene-based low band- 
gap copolymers for high performance photovoltaic devices. Appl Phys 
Lett 2004, 84:1653-1655. 

4. Wang E, Wang M, Wang L, Duan C, Zhang J, Cai W, He C, Wu H, Cao Y: 
Donor polymers containing benzothiadiazole and four thiophene rings 
in their repeating units with improved photovoltaic performance. 
Macromolecules 2009, 42:4410-4415. 

5. Luo J, Peng J, Cao Y, Hou Q: High-efficiency red light-emitting diodes 
based on polyfluorene copolymers with extremely low content of 4,7-di- 
2-thienyl-2,1,3-benzothiadiazole-comparative studies of intrachain and 
interchain interaction. Appl Phys Lett 2005, 87:261 103. 

6. Fan S, Sun M, Chen Z, Luo J, Hou Q, Peng J, Yang H, Zhang D, Li F, Cao Y: 
Comparative study on polymer light-emitting devices based on blends 
of polyfluorene and 4,7-di-2-thienyl-2,1,3-benzothiadiazole with devices 
based on copolymer of the same composition. J Phys Chem B 2007, 
111:6113-6117. 

7. Wani IA, Ganguly A, Ahmed J, Ahmad T: Silver nanoparticles: ultrasonic 
wave assisted synthesis, optical characterization and surface area 
studies. Mater Lett 201 1, 65:520-522. 

8. Kamarundzaman A, Fakir MS, Supangat A, Sulaiman K, Zulfiqar H: 
Morphological and optical properties of hierarchical tubular VOPcPhO 
nanoflowers. Mater Lett 201 3, 1 11:13— 16. 

9. Supangat A, Kamarundzaman A, Bakar NA, Sulaiman K, Zulfiqar H: P3HT: 
VOPcPhO composite nanorods arrays fabricated via template-assisted 
method: enhancement on the structural and optical properties. Mater 
Lett 2014, 118:103-106. 

10. Hu J, Shirai Y, Han L, Wakayama Y: Template method for fabricating 
interdigitate p-n heterojunction for organic solar cell. Nanoscale Res Lett 
2012, 7:469. 

11. Lee Jl, Cho SH, Park S-M, Kim JK, Kim JK, Yu J-W, Kim YC, Russell TP: Highly 
aligned ultrahigh density arrays of conducting polymer nanorods using 
block copolymer templates. Nano Lett 2008, 8(8):23 15-2320. 

12. Kim JS, Park Y, Lee DY, Lee JH, Park JH, Kim JK, Cho K: Poly(3- 
hexylthiophene) nanorods with aligned chain orientation for organic 
photovoltaics. Adv Funct Mater 2010, 20:540-545. 

13. Jiang P, McFarland MJ: Large-scale fabrication of wafer-size colloidal 
crystals, macroporous polymers and nanocomposites by spin coating. 
J Am Chem Soc 2004, 126:13778-13786. 

14. Schlitt S, Greiner A, Wendorff JH: Cylindrical polymer nanostructures by 
solution template wetting. Macromolecules 2008, 41:3228-3234. 

15. Martin J, Mijangos C: Tailored polymer-based nanofibers and nanotubes 
by means of different infiltration methods into alumina nanopores. 
Langmuir 2009, 25:1181-1187. 



Submit your manuscript to a SpringerOpen 0 
journal and benefit from: 

► Convenient online submission 

► Rigorous peer review 

► Immediate publication on acceptance 

► Open access: articles freely available online 

► High visibility within the field 

► Retaining the copyright to your article 



Submit your next manuscript at ► springeropen.com 



v. 



